Introduction {#s001}
============

P[ulmonary hypertension]{.smallcaps} (PH) is a rapidly progressive, often fatal pulmonary vascular condition that affects the lungs and heart of \>25 million individuals globally ([@B57]). Five distinct categories of PH have been identified on the basis of common clinical parameters, potential etiologic mechanisms, as well as pathological, pathophysiological, and therapeutic characteristics ([@B166], [@B192]). Despite PH class-distinct phenotypes, all categories are characterized by a complex panvasculopathy that recapitulates features similar to those observed in cancer ([@B37], [@B78], [@B210], [@B211]), including excessive proliferation, resistance to apoptosis, inflammation, and fibrosis mediated by a dramatic remodeling of the extracellular matrix. Borrowing from recent advancements in cancer ([@B47], [@B122], [@B224]) and immune research ([@B119], [@B127], [@B128], [@B150], [@B151], [@B221]), it has been suggested that PH phenotypes might be, in part, explained by a substantial metabolic/pro-inflammatory reprogramming of arterial cells and surrounding stromal cells, including fibroblasts and macrophages. Of note, in cancer research, it is now accepted that most oncogenes and mutated tumor suppressor genes play a primary role in metabolic regulation ([@B106]). Conversely, aberrant metabolism can promote epigenetic control of oncogenic reprogramming even in the absence of specific mutation, in response to hypoxic/cytokine-triggered stimuli, promoting a pro-inflammatory, hyperproliferative, and pro-fibrotic phenotype in cancer and immunity ([@B80], [@B122], [@B150], [@B151]). Studies on the metabolic reprogramming of activated immune cells taught us that such a complex phenotype can be observed in the absence of specific genetic mutations ([@B150]). This observation prompted cardiovascular investigators to wonder whether similar molecular underpinnings could contribute toward explaining PH etiology as well, fueling the debate around the metabolic theory of PH ([@B56], [@B161], [@B201]).

Even though Hanahan and Weinberg have included metabolic reprogramming as a hallmark of cancer only in recent years ([@B78]), seminal pioneering observations by Otto Warburg had pointed at the fact that hyperproliferating cells mostly rely on glycolysis to sustain their catabolic needs, even in the presence of oxygen ([@B37], [@B62], [@B161], [@B210], [@B216], [@B233]). In cancer cells, incomplete glucose oxidation through glycolysis is believed to provide the building blocks for anabolic reactions to sustain excess proliferation ([@B216]) by supplying the energy and substrates that are necessary to fuel DNA replication and gene expression, macromolecule biosynthesis (*e.g.,* proteins and lipids for organelles and membrane lipid bilayers), ion gradients\' homeostasis, and maintenance of cellular structure. Borrowing from cancer research, immunologists have noted similar metabolic phenotypes in highly proliferating immune cells \[macrophages, lymphocytes ([@B23], [@B149], [@B151], [@B204], [@B221])\], observing that incomplete mitochondrial metabolism favored the accumulation of carboxylic acid intermediates---such as succinate---which were eventually found to participate in the stabilization of transcriptional factors at the crossroads between hypoxic and inflammatory responses such as hypoxia-inducible factor 1α (HIF1α) ([@B85], [@B156]). With the advent of omics technologies, in particular metabolomics, cardiovascular investigators had access to the tools that were necessary to confirm that similar changes occur in PH smooth muscle cells (SMCs), endothelial cells (ECs), and fibroblasts (Fibs) ([@B60], [@B62], [@B68], [@B164], [@B233]). Positron emission tomography (PET) imaging scans of ^18^F-fluorodeoxyglucose (18FDG) metabolism *in vivo* has further demonstrated increased glucose uptake and metabolism in PH patients as well as in the monocrotaline rat model of PH ([@B121], [@B233]). In line with 18FDG uptake experiments, gene-expression studies in pulmonary arterial fibroblasts, isolated from idiopathic pulmonary arterial hypertension (iPAH) patients, further provide supportive evidence about the role of glycolytic metabolic reprogramming in mediating the proliferative and pro-inflammatory phenotype observed in patients with pulmonary vascular pathologies ([@B233]). Overall, 18FDG uptake studies also showed that a similar metabolic phenotype is observed in perivascular mononuclear cells, which accumulate in the adventitial perivascular regions. *In vivo* studies in rats treated with monocrotaline revealed a correlation between remodeling of the pulmonary vasculature and lung 18FDG uptake. In this review, we will describe the main results from some of the pilot studies focusing on metabolic reprogramming in PH and lay the foundation for the concept of "hallmarks of PH" by focusing on the increasingly accepted "metabolic theory" of PH and its interplay with other hallmarks ([Fig. 1](#f1){ref-type="fig"}) ([@B161], [@B176], [@B236]).

![**Borrowing from and noticing the similarities with the founding concepts of the hallmarks of cancer ([@B78]), here we propose and summarize the hallmarks of PH.** ECM, extracellular matrix; HIF, hypoxia-inducible factor; PH, pulmonary hypertension.](fig-1){#f1}

Warburg-Like Glycolytic Reprogramming and Enzyme Isoform Switching in PH {#s002}
========================================================================

In analogy to cancer, PH is characterized by a Warburg-like glycolytic reprogramming, excessive proliferation, and apoptotic resistance of ECs, SMCs, and Fibs, a phenotype that is also observed in the PH vessel wall ([@B21], [@B37], [@B78]). In PH, similar to cancer, glycolytic reprogramming provides the biological building blocks to support protein synthesis and the production of new cells. To provide for this increased biosynthetic demand, PH cells, similar to cancer cells, exhibit a higher uptake of nutrients such as glucose ([@B201], [@B203]). In addition, the metabolic pathways of PH cells are altered to allow production of macromolecules and withstand oxidative stress associated with inflammation and high rates of production ([@B80], [@B201]). Cytokines, hypoxia, and other mediators all contribute to the glycolytic reprogramming observed in cancer and PH, and they are mostly part of an interplay of signaling cascades with multiple feedback loops. For example, although hypoxic signaling is known to promote angiogenesis through HIF-mediated control of vascular endothelial growth factors (VEGF) ([@B66]), it has been recently observed that ischemic ([@B32], [@B131], [@B196], [@B209]) or hemorrhagic ([@B39], [@B40], [@B193]) hypoxia triggers succinate accumulation, which, in turn, can stabilize HIF and further promote VEGF signaling ([@B134]). Of note, stabilization of HIF signaling and regulation of the oxygen-sensitive subunits of HIF ([@B191]) may contribute to the observed increase in transcriptional expression of glycolytic enzymes that is observed in cancer cells and PH ([@B120], [@B177], [@B188]). In analogy to cancer, glycolytic reprogramming in fibroblasts from pulmonary hypertensive arteries (bovine and human), hereafter termed PH-Fibs, is, in part, explained by the expression of specific isoforms of glycolytic enzymes that promote faster fluxes through glycolysis, such as glucose transporter 1 (GLUT1), phosphofructokinase B3 (PFKB3), pyruvate dehydrogenase (PDH) kinase 1, and lactate dehydrogenase A (LDHA) ([@B37], [@B108], [@B161], [@B164], [@B189]).

Overexpression of glycolytic enzymes with moonlighting functions ([@B58], [@B82]) may also contribute to the increased resistance to apoptosis of cells, including PH-Fibs from the hypertensive vasculature. For example, it has been shown that the enzyme that catalyzes glucose phosphorylation at the initial step of glycolysis, hexokinase can bind to the voltage-dependent anion channel (VDAC) in the mitochondrial membrane, thus preventing cytochrome c release and apoptosis ([@B162]). Decreased expression of isoforms that favor further shuttling of triose phosphates toward the Krebs cycle (*e.g.,* increased PKM2/PKM1 ratios) is an alternative mechanism explaining the glycolytic reprogramming of PH-Fibs ([@B167]). Isoforms 1 and 2 of pyruvate kinase M (PKM)---the enzyme responsible for the generation of pyruvate and ATP in late glycolysis---are characterized by differential activity, with PKM1 often being expressed in terminally differentiated tissues and showing constitutively high basal activity. Interest around the less active PKM2 isoform has grown on the appreciation of its preferential expression in proliferating cells or tissues with anabolic functions (cancer, embryonic cells) and cells with high intrinsic self-renewal properties. Notably, PKM2 is allosterically regulated between a high catalytically active tetramer and a low-activity dimer ([@B48]), with the latter being more common in highly proliferative cells such as PH-Fibs (Zhang *et al.*, under review). Interconversion of the isoforms and allosteric regulation of PKM2 is favored by post-translational modifications \[*e.g.,* phosphorylation ([@B33], [@B113]) or oxidation at cysteine 358 ([@B3])\], or small-molecule metabolites \[*e.g.,* fructose 1,6-bisphosphate or serine ([@B7])\]. Activation of PKM2 can also be promoted through pharmacological intervention (*e.g.,* through TEPP-46), a phenomenon that favors increased PK activity and, thus, increased pyruvate shuttling to the Krebs cycle. Slower phosphoenolpyruvate catabolism favors anabolic reactions and metabolic switches to alternative routes branching from glycolysis---such as serine synthesis (see Glucose Metabolism Beyond Glycolysis and the PPP)---instead of fueling further oxidation of carbon atoms through the Krebs cycle. PKM2 transcription is regulated, at least in part, by HIF1, with which PKM2 directly interacts to promote the transactivation of genes with HIF response elements in their promoters ([@B113]) and recruitment of p300 ([@B114]), a feed-forward mechanism to escalate the efficiency of glycolytic fluxes. Dimeric PKM2 can translocate into the nucleus, where it can phosphorylate nuclear proteins such as STAT3 and β-catenin ([@B71], [@B93], [@B203]). We recently found that PMK2/PKM1 ratio---mostly due to downregulation of PKM1 levels---is increased in PH-Fibs from calves and iPAH humans ([@B232]). In preliminary experiments, we found that the miR124/polypyrimidine-tract binding protein 1 (PTBP1) axis was responsible for the selective splicing of PKM2/PKM1 isoforms, and that genetic manipulations of miR124 (miR-124 mimic) or PTBP1 (siPTBP1) normalized the PKM splicing ratios in PH-Fibs, inhibiting cell proliferation and normalizing metabolic phenotypes ([@B232]).

Oxidation of pyruvate---a PKM byproduct---can be inhibited by phosphorylation of PDH in mitochondria by pyruvate dehydrogenase kinase (PDK), an enzyme that is directly regulated by HIF1α under hypoxic conditions ([@B93]). PDK can become independent from oxygen availability in cancers undergoing constitutive HIF activation or PDK mutations ([@B81]). PH-Fibs from calves exposed to chronic hypoxia and iPAH humans show similar metabolic adaptations ([@B164]). Pharmacological inhibition of PDK with dichloracetate increased glucose oxidation in the mitochondria and attenuated PH and vascular remodeling in the rat monocrotaline model ([@B124]). The same treatment also decreased the expression of the glucose transporter (Glut1), which is under HIF control ([@B26]) and usually upregulated in cells exhibiting high glycolysis. Dichloroacetate treatment also resulted in a decrease of 18FDG PET signals, reduced peripheral vascular muscularization, and prevented the accumulation of inflammatory cells ([@B121], [@B124], [@B233]). Overall, studies in the literature suggest that pharmacological correction or epigenetic regulation of the Warburg-like glycolytic phenotype is a viable strategy to ameliorate PH.

Glucose-6-Phosphate Dehydrogenase and the Pentose Phosphate Pathway in PH {#s003}
=========================================================================

In like fashion to cancer cells, increased glucose uptake can also fuel pathways branching from glycolysis such as the pentose phosphate pathway (PPP). Activation of the oxidative branch of the PPP in PH cells generates reducing equivalents (NADPH) to preserve the redox poise \[NADPH is a necessary cofactor to restore oxidized glutathione back to its reduced form and is a key substrate for the catalysis of other antioxidant enzymes such as catalase ([@B64], [@B96])\]. Conversely, NADPH serves as a substrate for NADPH oxidase (NOX) to generate reactive oxygen species (ROS), a critical step in immune cell activation (see Reducing Equivalents in PH). Owing to the role that NADPH plays in anabolic reactions (*e.g., de novo* synthesis of fatty acids), a sustained activation of the oxidative branch of the PPP serves a key purpose in membrane homeostasis in highly proliferating cancer cells. In addition, as heoxoses are processed through the PPP (also known as the hexose monophosphate shunt), pentose phosphate compounds are generated, such as ribose phosphate, a sugar phosphate moiety for the *de novo* synthesis and salvage of nucleosides (the fundamental units of RNA and DNA). Of note, nucleosides and, in particular, purine homeostasis may play a key role in PH, not just from an energetic and replicative standpoint but also for extracellular signaling to promote angiogenesis and tissue oxygenation ([@B102], [@B110], [@B133], [@B148], [@B195]). NADPH plays a key role at the crossroads of survival and proliferation ([@B88]). In cancer cells, the interplay between AMP-activated protein kinase (AMPK) and NADPH levels is necessary in response to glucose starvation through a mechanism that involves increases in fatty acid oxidation through inhibitory phosphorylation of acetyl-CoA carboxylase 1 and 2 ([@B88]). In mitochondria, nicotinamide nucleotide transdehydrogenase (NNT) can transfer a proton from NADH to NADP^+^, therefore compensating for electron transport chain uncoupling resulting from the exposure to hypoxia ([@B70]). In doing so, NNT counteracts the accumulation of excess of NADH-reducing equivalents resulting from increased glycolysis and impaired electron transport activity at the complex I level of mitochondria observed in PH Fibs (see Mitochondrial Dysfunction and Superoxide Production).

Serving as a cofactor for nitric oxide synthase, NADPH participates in nitric oxide homeostasis and, thus, plays a role in the initial phase of PH development for vasoconstriction of pulmonary arteries (PAs) ([@B105]). Consistent with this consideration, in the African, Middle East, and Asian populations, a deficiency in the activity of the rate-limiting enzyme of the PPP, glucose 6-phosphate dehydrogenase (G6PD)---the most common enzymopathy in humans---is associated with increased susceptibility to red blood cell hemolysis ([@B213]), altered lipid metabolism and recycling of oxidized lipids, endothelial oxidative stress, and decreased NO bioavailability ([@B65]). G6PD is a major supplier of cellular NADPH (60% by G6PD +40% by isocitrate dehydrogenase \[IDH\]) for: anabolic reactions and NOXs-derived superoxide production ([@B75]). Alternatively, nicotinamide phosphoribosyltransferase (NAMPT) can transfer a phosphate group from phosphoribosylpyrophosphate to nicotinamide, participating in the synthesis of nicotiamide nucleosides and, thus, affecting the homeostasis of reducing cofactors. Recently, NAMPT has been shown as a candidate therapeutic target against pulmonary vascular remodeling in PH ([@B27]). Excess NADPH generation also contributes to pathogenic "reductive stress" in the cardiovascular system ([@B90]).

As previously discussed, numerous studies report increased glycolysis, glucose flux through the PPP, and the activity of NADPH-producing IDH-1 and -2 in PAs and lungs of idiopathic- and heritable-PAH patients ([@B60], [@B230]). Expression of enzymes in the glycolytic pathway (*e.g.*, hexokinase-1, 6-phosphofructokinase, and pyruvate kinase M2) and the PPP (*e.g.*, 6-phosphogluconolactonase, transaldolase-1, and transketolase) is upregulated in pulmonary artery smooth muscle cells (PASMCs) of PAH patients with BMPR2 exon1--8 deletion ([@B230]). Additional studies demonstrate that the expression and activity of G6PD is increased in: (i) endothelin-1-treated PASMCs from PAH patients with BMPR2 exon1--8 deletion ([@B230]); (ii) fibroblasts from idiopathic PAH patients and calves with severe hypoxic PH ([@B108]); (iii) hypoxic cultured rat PASMCs ([@B28]) and PASMCs of lambs exposed to increased pulmonary blood flow ([@B13]); (iv) ECs of monocrotaline-treated mice ([@B199]); and (v) lungs of hypoxia-induced and monocrotaline-induced PH rat models ([@B28], [@B199]). It has also been reported that G6PD and PPP activity is increased before PH develops ([@B28], [@B171]). This suggests that an increase of G6PD activity has a temporal relationship with PH.

G6PD deficiency is common in humans, and 400-point mutations have been found in this enzyme in different ethnic groups around the world. Epidemiological studies suggest that individuals who harbor a Mediterranean-type nonsynonymous mutation (single-nucleotide polymorphism in exon 6: dbSNP rs5030868) have 80% less G6PD activity as compared with normal individuals and are less likely to have vascular diseases ([@B73]), including sickle cell anemia-associated PH ([@B38]). Moreover, a Phase III clinical trial (NCT00581087) reports that dehydroepiandrosterone (DHEA), which potently inhibits G6PD activity among other actions in the cell ([@B118], [@B185], [@B186]), improves 6 min walk test and pulmonary hemodynamics in patients with COPD-associated PH ([@B53]). Conversely, low levels of DHEA-sulfate are associated with severity of PAH ([@B218]).

Gupte and Oka originally reported that G6PD and G6PD-derived NADPH mediate hypoxic pulmonary vasoconstriction ([@B76]) and hypoxia-induced contraction of bovine and rat PA ([@B31], [@B73]). More recently, it has been reported that: (i) hypoxia-induced contraction of isolated PAs from G6PD-deficient, as compared with wild-type, mice is blunted ([@B74]); and (ii) 6-aminonicotinamide, a competitive inhibitor of G6PD, prevents hypoxia-induced downregulation of contractile protein expression in isolated bovine PAs ([@B31]) and reduces expression of pro-inflammatory TNFα in hypoxic PAs and PASMCs ([@B101]). In addition, studies have shown that DHEA reduces pulmonary remodeling, pulmonary vascular resistance in hypoxia-induced PH and PAH rats, and heart failure in PAH rats ([@B2], [@B15], [@B77], [@B144], [@B175]). Collectively, these results suggest that G6PD and G6PD-dependent pathways potentially play a significant role in development of PH. However, whether upregulated G6PD contributes predominately toward increasing PA constriction or also to remodeling of PA in PH is unclear.

The PPP produces ribose sugar that is essential for *de novo* synthesis of RNA and DNA. In addition, G6PD-derived NADPH is essential for fatty acid metabolism and lipid synthesis that are required for the formation of membranes in proliferating cells, controlling the activities of cell cycle enzymes and of caspases that trigger apoptotic cell death. Therefore, NADPH has been considered to play a key role in stimulating proliferation and inhibiting apoptosis of cells ([@B17]). Ectopic expression of G6PD increases rat PASMC proliferation ([@B28]) and contributes to HIF1α-induced EC growth ([@B105]). Hyper-activation of G6PD in CD133^+^ progenitor cells promotes their growth ([@B29]). These cells play a critical role in tumorigenesis and potentially participate in the PA remodeling process in PAH ([@B8]). Consistently, it has been observed that G6PD-depleted embryonic stem cells proliferate at a reduced rate ([@B61], [@B63]). On the other hand, excess glucose-6-phosphate dehydrogenase activity and NADPH availability can promote, under certain conditions, apoptosis ([@B143]). Indeed, excess NADPH can promote the phosphorylation and thus the activation of the pro-aptoptotic caspase 2 by calcium/calmodulin-dependent kinase II ([@B143]).

Several studies also suggest that glucose flux is diverted into the PPP due to inhibition of phosphofructose kinase-1 in cancer cells ([@B231]) and increased expression of the pyruvate kinase isozyme M2 ([@B165]), and activation of the PPP supports K ras-induced, anchorage-independent cellular growth ([@B223]). In ongoing studies, Gupte *et al.* found that inhibition of G6PD with DHEA reduces hypoxia-induced phosphorylation of PDK in PASMCs ([Fig. 2](#f2){ref-type="fig"}). Recently, they also found that genes critical for endothelial and SMC growth and function were differentially regulated in vascular tissues of a G6PD-deficient mouse as compared with wild-types \[GEO Submission (GSE80972) NCBI tracking system \#17863684 ([@B30])\]. Gene expression that is changed \>1.5 Log2_fold in vascular tissue and that is required for the regulation of PA function and structure is demonstrated ([Fig. 3](#f3){ref-type="fig"}). In PH, PASMC and EC proliferation is accompanied by decreased expression of pro-apoptotic genes ([@B18]). Therefore, collectively, these findings support the idea that increased G6PD expression and activity stimulated either by endothelin-1 and/or by hypoxia inhibits apoptosis and promotes proliferation of various cells (PASMC, ECs, and fibroblasts) and stem cells in lungs. These cells collectively mediate neomuscularization of arterioles and formation of complex cellular and fibrotic neointimal and plexiform lesions in distal PAs that, respectively, contribute to the progressive development of HPH and PAH.

![**Phosphorylation of PDH and gene expression in vascular tissue is regulated by G6PD.** Phosphorylation of PDH subunits (E1--E3) was determined by In Cell Western blot assay kit (PhosphoPDH In-Cell ELISA Kit \[IR\]; Abcam, MA) in PASMCs cultured in normoxia (21% O~2~) and hypoxia (3% O~2~) treated with or without DHEA (100 μ*M*). **(A)** As shown, phosphorylation of PDH, which inhibits acetyl CoA formation from pyruvate, was increased in hypoxic PASMCs and DHEA decreased hypoxia-induced phosphorylation of PDH. **(B)** Expression of genes critical in endothelial cells and PASMCs growth and function is modulated in vascular tissue of G6PD-deficient as compared with wild-type mice. \**p* \< 0.05 T-test. DHEA, dehydroepiandrosterone; G6PD, glucose 6-phosphate dehydrogenase; PASMCs, pulmonary artery smooth muscle cells; PDH, pyruvate dehydrogenase.](fig-2){#f2}

![**G6PD inhibition increased phosphorylation of inositol triphosphate receptor and decreased angiotensin II-induced bovine PA contractions. (A)** A representative Western blot of four different experiments demonstrates total and phosphorylated inositol triphosphate receptor (IP3R) at Ser1755, a PKG phosphorylation site in consensus GRRESLTS sequence ([@B67]), in angiotensin II (Ang II; 10 μ*M*)-treated bovine PA in absence and presence of DHEA (100 μ*M*) in hypoxia. **(B)** Summary data demonstrate that DHEA increased phospho-to-total IP3R ratio. **(C)** DHEA did not decrease Ang II-induced IP3 levels in bovine PAs. **(D)** Bovine PAs were precontracted with Ang II in hypoxia (0% O~2~). \**p* \< 0.05 vs control T-test; ^\#^*p* \< 0.05 vs Ang II T-test. DHEA treatment blocked Ang II-induced peak contraction. PA, pulmonary artery; PKG, protein kinase G.](fig-3){#f3}

G6PD role in redox homeostasis intercepts several signaling cascades, among which the cGMP-protein kinase G1 (PKG1)-signaling axis seems to provide a potential therapeutic window in PH ([@B31], [@B101]). In this regard, it was originally reported that G6PD inhibition with 6-aminonicotinamide or DHEA *via* TxR redox signaling oxidizes Cys42 residue and robustly increases PKG activity without significantly elevating intracellular total cGMP levels in isolated bovine PAs ([@B31], [@B101]). G6PD inhibition-elicited PKG1α-dependent signaling mediates: (i) expression of contractile proteins and (ii) reduction of pro-inflammatory TNFα in hypoxic PAs ([@B31], [@B101]). Further, it was recently proposed that G6PD inhibition-elicited PKG1α-dependent signaling blocks G-protein-coupled IP3 receptor signaling, supporting the idea that G6PD inhibition increases phosphorylation of IP3R, without decreasing Ang II-elicited IP3 levels, and simultaneously reduces Ang II-induced contraction of PAs in hypoxia ([@B74]) ([Fig. 3](#f3){ref-type="fig"}). Therefore, it can be suggested that G6PD inhibition will increase PKG activity through a novel cGMP-independent mechanism that will potentially suppress nonresolving inflammation in lungs, induce apoptosis of PASMCs and other cell types, and reduce IP3-mediated Ca^2+^ release to prevent and reverse hypoxia-induced PH and PAH.

Glucose Metabolism Beyond Glycolysis and the PPP: From One-Carbon Metabolism to Epigenetic Regulation in PH {#s004}
===========================================================================================================

Other than the PPP, incompletely oxidized carbon backbones from glucose can be fueled into serine synthesis and one-carbon metabolism. These pathways are increasingly attracting a great deal of interest for their role in providing NADPH and carbon backbone substrates to fuel the biosynthesis of antioxidant compounds and nucleosides, which are necessary to sustain active proliferation. For example, glycine, cysteine, and deamination of glutamine to glutamate are all reactions occurring downstream to serine biosynthesis and provide the necessary building blocks for the tripeptide glutathione ([@B25], [@B44], [@B100], [@B112], [@B115], [@B116], [@B159], [@B205], [@B229]). Notably, fluxes through one-carbon metabolism and the serine synthesis pathway are regulated in cancer by isoform switching of late glycolytic enzymes (PKM2), for which serine is as an allosteric modulator ([@B25]). One-carbon metabolism ([@B51]) reactions also participate in S-adenosylmethionine/S-adenosylhomocysteine metabolism, which represents essential substrates for epigenetic histone modifications such as methylation events ([@B125]). Similarly, acetyl-CoA can be generated from carbon backbones derived from the incomplete oxidation of glucose, fatty acids, or pathways downstream to the reductive carboxylation of glutamine, which, in turn, promotes acetylation events ([@B126]). Epigenetic control in PH may depend on similar mechanisms ([@B84], [@B92], [@B180]). Notably, treatment with histone deacetylase inhibitors valproic acid and suberoylanilide hydroxamic acid seems to effectively rescue the metabolic reprogramming of PH-Fibs from chronically hypoxic calves or patients with iPAH ([@B232], [@B234]) (Zhang *et al.*, under review). Epigenetic control might contribute toward explaining the long-term hypoxic-like phenotypes observed in PH-Fibs from chronically hypoxic calves or patients with iPAH cultured under normoxia, suggesting more effective potential therapeutic avenues to chronic PH ([@B22], [@B234]).

Reducing Equivalents in PH {#s005}
==========================

Increased glycolytic fluxes in PH, similar to cancer or hypoxic cells, have been shown to promote excess lactate accumulation in the cellular and extracellular compartment. In cancer cells, excess lactate has been shown to stabilize NDRG3 protein, which binds to c-Raf and mediates hypoxic cell growth through the c-Raf-ERK pathway ([@B104]). In PH-Fibs, supraphysiological lactate accumulation triggers---in agreement with the law of mass action---the accumulation of excess reducing equivalents other than NADPH such as NADH, as gleaned through omics technologies and fluorescence lifetime imaging microscopy ([@B108]). Under hypoxic conditions, the lack of oxygen as a final acceptor of electrons in the electron transport chain may also contribute to the accumulation of reducing equivalents such as NADH and FADH~2~, which are otherwise regenerated to the relative oxidized forms under physiological conditions ([Fig. 4](#f4){ref-type="fig"}). Under these circumstances, a reverse activity of succinate dehydrogenase (SDH) at complex II results in the supraphysiological accumulation succinate under ischemia; whereas at reperfusion, reverse electron flow may occur at the level of complex I, favoring the generation of high levels of ROS ([@B163], [@B209]). Independently from oxygen availability, supraphysiological levels of glycolytic intermediates such as fructose-1,6-bisphosphate can inhibit mitochondrial respiratory rate in highly glycolytic cells \[Crabtree effect ([@B45])\].

![**Decreased oxygen availability under hypoxic conditions promotes succinate accumulation owing to lack of oxygen as the final acceptor of electron at complex IV and reverse activity of succinate dehydrogenase at complex II.** On reperfusion, rapid oxidation of succinate promotes a reverse-electron flow through complex I of the electron transport chain, a phenomenon that favors the accumulation of reactive oxygen species.](fig-4){#f4}

Mitochondrial or cytosolic isoforms of Krebs cycle enzymes can also contribute to NADH/NADPH homeostasis in cancer, ischemia, hemorrhage, and PH ([@B32], [@B40], [@B108], [@B131], [@B193], [@B208], [@B209]). Specific isoforms of malate or IDH and malic enzyme---either in cytosol or in mitochondria---can generate NADH or NADPH, depending on the isoform of the enzyme catalyzing the reaction, and NADP-dependent isoforms have been reported to be increased in PH patients ([@B60]). IDH1 and malic enzyme isoforms 2 and 3 (ME2, ME3) can generate NAD(P)H in mitochondria, whereas IDH2 and malic enzyme 1 (ME1) are producers in the cytoplasm. Cytoplasmic enzymes require exported citrate from mitochondria to generate oxaloacetate, malate, and isocitrate, respectively, for their activities, a phenomenon often observed in proliferating cells. Interestingly, IDH activity was found to be increased in PH patients, contributing to elevated NAD(P)H generation ([@B60]). Moreover, 70% of families with PAH ([@B20]) and 20% patients with idiopathic PAH bear mutations of bone morphogenic protein (BMPR2), a member of the TGF-β superfamily, that alter the activity of IDH ([@B60]).

Reducing equivalents: redox homeostasis {#s006}
---------------------------------------

As anticipated from data presented in the previous paragraph, free NADPH plays a key role in anabolic reactions involving reductive synthesis of fatty acids, cholesterol, amino acids, and nucleotides, as well as in redox homeostasis by favoring reduction of oxidized proteins and antioxidant compounds such as glutathione. However, in many pathologies, PH included, NADPH can be used as a substrate to fuel the activity of NOXs, thus producing hydrogen peroxide. Free NADPH has mainly antioxidant properties, as it is used by glutathione (GSH) reductase or thioredoxin (TRX) reductases to regenerate GSH/TRXs, respectively. Because glutathione peroxidase have higher rate constants than peroxiredoxins (PRXs, its oxidized form is a substrate for TRX), but are less abundant, they were suggested to decompose mainly an enhanced pro-oxidative amount of hydrogen peroxide, whereas PRXs will rather terminate ROS signaling.

On the other hand, under pathological conditions when pro-oxidative cellular status is established, NADPH is widely consumed by NOXs to promote pro-oxidant reactions. These are multi-subunit complexes bound to plasma membranes associated with signaling domains that catalyze one-electron transfer from NADPH to molecular oxygen, thus generating ROS. Vascular NOXs produce superoxide, except for the NOX4 isoform, which primarily produces H~2~O~2~. Based on real-time PCR, NOX1, NOX2, and NOX4 isoforms were found to be expressed in ECs (predominantly NOX4), SMCs (predominantly NOX1,4), and Fibs (predominantly NOX4) in PAs ([@B99]). Expression of NOX5 was found to be present only in PA ECs and SMCs ([@B158]). All isoforms except NOX4 need to interact with additional proteins or undergo calcium-dependent activation. NOX4 is the only constitutively expressed NOX enzyme present in all layers of the PA. Its activity is regulated mainly by its expression (contains a HIF-binding site) and availability of reducing equivalents ([@B46]). Moreover, because of high Km for oxygen, it can respond directly to oxygen tension without any further intermediate signaling event ([@B141]). Because of increased glycolysis, PPP, and suppressed mitochondrial respiration all keeping NAD(P)H high, NOX4 activity is significantly elevated ([@B109], [@B164]). Indeed, NOX4 was suggested to participate in hypoxia-induced pulmonary vascular remodeling. It can signal through growth factors (TGF-β, PPAR-γ), cytokines, HIF, vasoactive agents (endothelin-1), or G-protein-coupled receptor agonists, allowing it to regulate enzymes and ion channels with proliferative, inflammatory, and apoptotic properties ([@B9], [@B109]). NOX4 expression was predominantly localized to the nucleus, where its cis-acting antioxidant response elements sequence can be regulated by nuclear factor (erythroid-derived 2)-like 2 (Nrf2) under stress conditions ([@B99]). However, Veith *et al.* did not note any effect of NOX4 knockout on hypoxic pulmonary vasoconstriction or hypoxia-induced PH ([@B217]). Another NOX isoform, NOX2, found originally in phagocytes was suggested to contribute to PH, possibly though the regulation of inflammation ([@B111]). Although the role that NOXs play as sources of ROS production in PH pathology is well established, the expression and activity of individual isoforms, their regulation, and signaling properties in relation to PH development need to be further elucidated ([@B164]). Existing evidence strongly suggests that mitochondrial ROS interact with NOXs and other ROS sources to collectively induce a pro-oxidative redox state, which is further favored by the impairment of antioxidant capacity (superoxide dismutase, catalase, and glutathione peroxidase) of PH cells ([@B6], [@B227]).

Reducing equivalents: transcriptional control {#s007}
---------------------------------------------

More recently, a role has emerged for NAD(P)H in mediating transcriptional control in PH by controlling the activity of the NAD(P)H-dependent transcriptional repressor C-terminal-binding protein1 (CtBP1) ([@B108]) ([Fig. 5](#f5){ref-type="fig"}). Dimerization, a phenomenon that activates CtBP1, is dependent on the relative levels of free NADH and NADH/NAD^+^ ratios ([@B19]). Activation of CtBP1 is relevant owing to its inhibitory interaction with gene-specific transcriptional factors, which is, in part, mediated by the recruitment of several epigenetic-modifying enzymes on the target genes ([@B19]). Recently, we found that increased expression of CtBP1 in fibroblasts generated from the PAs of chronically hypoxic calves or patients with iPAH mechanistically controlled the metabolic reprogramming of PH-Fibs toward aerobic glycolysis through a feed-forward mechanism. PH-Fibs exhibited increased free NADH, even under normoxic conditions, and were characterized by enhanced proliferation and inflammation. Genetic or pharmacological intervention to suppress CtBP1 expression or activity, respectively, exerted significant effects on cell phenotypes, as it (i) inhibited PH-Fibs proliferation (and promoted the upregulation of the cyclin-dependent kinase inhibitor genes, P21 and P15); (ii) promoted cell apoptosis through the upregulation of NOXA and PERP; and (iii) increased the expression of anti-inflammatory (HMOX1) markers ([@B108]). In addition, the transcriptional repressor CtBP1 exerts anti-apoptotic activity through inhibitory binding to the pro-apoptotic Bax or SIRT4, the repressor of glutaminolysis in mitochondria. In PH-Fibs, similar to cancer, the activation of glutaminolysis provides (i) alternative substrates for catabolism and anaplerosis; (ii) counteracts the acidification effect resulting from excess glycolysis with lactic fermentation ([@B94], [@B220]); and (iii) provides amine group moieties for the activation of nitrogen metabolism and downstream biosynthesis of polyamines, substrates for extracellular matrix remodeling \[serum and urine desmosine and isodesmosine cross-linked amino acids are candidate biomarkers of PH ([@B130])\] and regulation of (pulmonary) fibrosis ([@B10], [@B11], [@B228]). The latter mechanism has been increasingly appreciated in cancer research in recent years ([@B72], [@B142], [@B194]). These observations are relevant in that they indicate the complex intertwinement at the transcriptional, metabolic, and epigenetic levels of proliferation, evasion of apoptosis, metabolic reprogramming, inflammation, as well as fibrosis---the various hallmarks of PH---in a similar fashion to the hallmarks of cancers.

![**Transcriptional regulation by CtBP1 in response to altered NADH/NAD^+^ homeostasis in PH ([@B108]).** The crystal structure shows CtBP1 in complex with substrate MTOB (pdb: 4LCE). CtBP1, C-terminal-binding protein 1; MTOB, 4-methylthio 2-oxobutyric acid.](fig-5){#f5}

Metabolic Cross-Talk Between PH-Fibs and Macrophages {#s008}
====================================================

Recent studies in humans with PH and small and large animal models of PH have demonstrated a significant accumulation of macrophages in the vessel wall of the PAs, even down to small-size vessels ([@B184], [@B198], [@B212]). Experimental studies in rats by our group have demonstrated that macrophage recruitment and accumulation in the vessel wall is a prerequisite for vascular remodeling and development of PH, as clodronate-mediated ablation of circulating monocytes in hypoxia-exposed rats prevented macrophage accumulation and PH ([@B69]). A critical observation from humans with PH to various small and large animal models of PH was that macrophage accumulation remained largely restricted to the adventitial/perivascular compartment of the vessel wall, implying an important function for the adventitia and for adventitial macrophages in the vascular remodeling process and the pathogenesis of PH ([@B184], [@B198]). Subsequent studies by our group have identified that these adventitial macrophages express surface markers consistent with an alternative activation phenotype, which has been reported to be involved in tissue remodeling and fibrosis in other organs, such as the kidney ([@B55], [@B219]). Moreover, adventitial macrophages also express increased amounts of GLUT1 and CtBP1, therefore indicating their capacity for metabolic reprogramming and for cellular activation akin to the observations made in the adventitial fibroblasts described above ([@B108]). Macrophages are very important tissue cells and have been reported to contribute to tissue homeostasis across virtually all organs in the organism, but they are also known to be critical for both initiation of inflammation and resolution of inflammation ([@B52], [@B98], [@B136], [@B137], [@B145], [@B146]). They contribute to maintenance of tissue homeostasis through their ability to sense alterations in the microenvironment and to detect and respond to tissue-generated signals, such as cytokines, chemokines, oxygen tension, physical properties of the tissue composition, redox status, temperature, metabolites such as lactate, and even cathecholamines ([@B34], [@B52], [@B54], [@B56], [@B98], [@B117], [@B136], [@B137], [@B140], [@B145], [@B146]). Macrophages "read out" microenvironmental changes by undergoing metabolic reprogramming, which, in turn, is a prerequisite to enable a transcriptional response that is tailored to the inciting microenvironmental change ([@B56], [@B129]). As such, it has been established that pro-inflammatory activation of macrophages by lipopolysaccharide (LPS) and LPS in combination with interferon gamma (IFNγ) occurs as a function of metabolic rewiring to increased aerobic glycolysis and remodeling of the tricarboxylic acid (TCA) cycle, which is interrupted at the level of IDH and SDH with subsequent increases in citrate and succinate ([@B89]). It is believed that increased succinate levels can function within the mitochondria to increase ROS formation at complex I, which, in turn, promotes pro-inflammatory cytokine generation and that increased cytosolic succinate levels inhibit prolyl hydroxylase domains to stabilize HIF1, which, in turn, promotes expression of glycolytic enzymes and cooperates with PKM2 in regulating gene transcription, including that of pro-inflammatory IL1β ([@B32], [@B35], [@B128]). Intriguingly, the inflammasome, a signaling platform that regulates conversion of inactive pro-IL1 to active IL1b, localizes in close proximity to the mitochondria, as ROS derived from mitochondria activate inflammasome signaling ([@B132]). Moreover, hexokinase 1, a glycolytic enzyme increased through HIF1, has been shown to positively regulate inflammasome activity ([@B132]). Until recently, it was believed that pro-inflammatory macrophages activated by LPS could be reprogrammed or repolarized once the metabolic program was switched back to oxidative phosphorylation. However, recent studies have called this belief into question as the authors showed that pro-inflammatory macrophages activated by LPS/IFNg can be refractory to repolarization ([@B215]). On the other hand, recent studies have also shown that when metabolic reprogramming in LPS-activated macrophages is interrupted at the level of glycolysis or at the level of PKM2 and HIF1, these macrophages appear to repolarize toward increased expression of anti-inflammatory mediators and decreased expression of pro-inflammatory mediators ([@B91], [@B157], [@B204]). To what extent metabolic programs in tissue macrophages are actually regulating macrophage plasticity, that is, the ability to repolarize, needs to be investigated in further detail ([@B56], [@B136]). Regardless of this, the concept of repolarizing a pro-inflammatory macrophage into an anti-inflammatory macrophage through manipulation of a metabolic program is an attractive means to promote resolution of inflammation/fibrosis.

One important aspect of homeostatic tissue function of macrophages is their communication with other tissue cells, such as fibroblasts. We have recently documented that fibroblasts from animals and humans with PH have the ability to activate naive macrophages *in vitro* toward an alternative activation phenotype that is identical to the one observed within the adventitia of the PA \[hereafter called PH-Fibs activated macrophages ([@B55])\]. Importantly, explanted remodeled adventitial tissue from animals with PH was also capable of activating macrophages to this phenotype ([@B55]). At the molecular basis, PH-Fibs activated macrophages display increased activation of STAT3 and HIF1 signaling and expression of downstream target genes that are important in promoting tissue remolding, such as Arginase1 (provide polyamines to sustain cellular proliferation), and VEGFa and glycolytic reprogramming such as GLUT1 and CtBP1 ([@B55]). Importantly, genetic inhibition of either STAT3 or HIF1 signaling in PH-Fibs activated macrophages attenuated their activation and decreased Arginase1 expression. Subsequent studies have revealed that this macrophage activation phenotype is, in part, mediated by PH-Fibs-derived paracrine IL-6, a canonical activator of STAT3 signaling in macrophages ([@B55]). Intriguingly, there is evidence of increased IL6, STAT3, and HIF1 signaling within the adventitia of both patients with PH and animals with PH, and IL6 has widely been reported to be an important cytokine in the pathogenesis of PH in patients and animal models ([@B55], [@B197]). Consistent with the above reference to STAT3 and HIF1\'s role in PKM2 signaling and metabolic reprogramming of cancer cells and fibroblasts, PH-Fibs activated macrophages also display increased glycolysis and remodeling of the TCA cycle with accumulation of succinate and lactate, and increased production of polyamines (metabolites of arginine metabolism by Arginase1). Recent studies have documented that pSTAT3 is sufficient to increase glycolysis in cells and that co-operation with HIF1 and PKM2 can result in a vicious feed-forward cycle that drives and maintains glycolytic reprogramming in cells ([@B43]). Therefore, within the adventitia, metabolic reprogramming of the PH-Fib occurs in synchrony with metabolic reprogramming of the macrophage in an IL6-STAT3-HIF1-dependent pathway ([@B56]). A recent study reported activation of a similar alternative activated macrophage phenotype (with increased expression of Arginase1 and HIF1 and VEGF) by paracrine signals derived from cancer cells. Intriguingly, activation of Arginase in these cancer cell activated macrophages was also dependent on HIF, similar to what we had observed in PH-Fibs activated macrophages, and expression of Arginase conferred a pro-tumorigenic phenotype on macrophages ([@B34], [@B56]). Ablation of Arginase1 in macrophages was associated with decreased tumor formation *in vivo* in mice. The mechanism was believed to be related to the ability of Arginase1 to generate polyamines as necessary factors to sustain tumor cell proliferation ([@B34]). Strikingly, expression of Arginase1 appeared to be mediated by cancer cell-derived paracrine lactate, the byproduct of highly proliferative cancer cells with metabolic reprogramming to glycolysis ([@B34]), thereby suggesting a similar metabolic synchrony between cancer cells and macrophages as we hypothesize exists between PH-Fibs and PH-fibroblast activated macrophages ([@B56]) ([Fig. 6](#f6){ref-type="fig"}). Therefore, it appears that metabolically reprogrammed (cancer) cells can co-opt macrophage activation through paracrine signaling (such as lactate and/or cytokines) to increase tissue availability of metabolites, such as polyamines, to meet their demand for substrates that fuel proliferation and activation ([Fig. 6](#f6){ref-type="fig"}). Thus, there appears to be a metabolic synergy between cancer cells and other associated tissue cells such as fibroblasts and macrophages, which form a basis for cellular proliferation and activation ([Fig. 6](#f6){ref-type="fig"}).

![**Metabolic synergy between adventitial fibroblasts and macrophages in the vascular remodeling process in PH.** In adventitial fibroblasts, epigenetic changes reflected in decreased miRNA124 expression enable increased PTBP1 signaling, resulting in increased expression of PKM2, which drives lactate formation and increases aerobic glycolysis while reducing TCA cycle. Increased glycolysis results in increased free NADH, which activates the transcriptional repressor CtBP1. Together, these alterations promote proliferation and apoptosis resistance concomitantly with an increased production of lactate, succinate, citrulline, IL-6, and other pro-inflammatory mediators, while suppressing anti-inflammatory mediator production. Adventitial macrophages respond to the increased concentrations of fibroblast-derived metabolites in the microenvironment whereby IL6, lactate, and succinate drive activation of STAT3 and HIF1, which, in turn, drive metabolic reprogramming similar to that in adventitial fibroblasts; utilization of citrulline feeds polyanine production by Arginase, which, in turn, is increased in response to IL6 and lactate. Thus, exchange of substrates and metabolites between macrophages and fibroblasts enables persistent metabolic reprogramming, cellular activation, and proliferation. PTBP1, polypyrimidine-tract binding protein 1; TCA, tricarboxylic acid.](fig-6){#f6}

We hypothesize that the vascular remolding process within the vessel wall of humans and animals with PH entails a similar metabolic synergy between fibroblasts and macrophages, whereby byproducts of metabolic programs in fibroblasts such as lactate and succinate can fuel metabolic programs in macrophages such that macrophages, in turn, engage a metabolic program that provides substrates that fuel the metabolism of the fibroblast ([Fig. 6](#f6){ref-type="fig"}). Intriguingly, we have observed that fibroblast-derived lactate can synergize with fibroblast-derived IL-6 to greatly enhance macrophage activation and expression of Arginase1. Therefore, we suggest that within the PA adventitia there exists a metabolic synergy between the PH-Fibs and the adventitial macrophages, in which the fibroblasts co-opt the macrophage phenotype to sustain its increased proliferation and activation ([Fig. 6](#f6){ref-type="fig"}). In addition, PH-Fibs produce not only increased amounts of lactate as a result of increased glycolysis but also increased amounts of citrulline (as a result of TCA and arginine-succinate shunt remodeling). When produced in excess, citrulline can be shunted out of cells and used by cells with a high citrulline demand ([@B56], [@B168], [@B173]). For example, macrophages expressing high amounts of Arginase1 can have a high demand for Arginine, which has been shown to become limiting in inflammatory conditions within the tissues ([@B56], [@B168], [@B173]). The high demand on Arginine can be met by importing citrulline, because it can serve as a precursor for arginine synthesis in macrophages ([@B56], [@B168], [@B173]). Therefore, polyamine synthesis through macrophage Arginase1 can be maintained despite low tissue arginine concentrations through utilization of fibroblast-derived citrulline. An important effect of this metabolic synergy is that the adventitia becomes autotrophic for arginine and to sustain cellular proliferation ([@B56]). Intriguingly, a similar role for citrulline has been shown to be a critical pathway to sustain the macrophage\'s ability to kill intracellular bacteria in conditions when arginine becomes limiting ([@B168]).

In addition to upregulation of Arginase 1, metabolic reprogramming in the PH-Fibs activated macrophages is also associated with increased succinate production, which has been reported to serve as a paracrine signal that can activate tissue cells; therefore, macrophage- and fibroblast-derived succinate can be potential paracrine signals through which macrophages sustain activation of PH-Fibs and vice versa ([@B127]). Moreover, signaling downstream of increased citrate as a result of TCA remodeling in the PH-Fibs activated macrophage can be utilized for epigenetic mechanisms that arrest macrophage activation in this phenotype ([@B149]). Future studies will have to be directed toward improving our understanding of how fibroblasts and macrophages engage in a metabolic symbiotic relationship to induce and maintain cellular activation and to define the signaling pathways and molecules that relay environmental change to metabolic programs and transcriptional responses. Further, it becomes more and more evident that the success of pharmacological interruptions to halt or prevent vascular remodeling will rely on the ability to target metabolic synergy and symbiosis within the cross-talk of macrophages and fibroblasts ([Fig. 6](#f6){ref-type="fig"}).

The Other Facet of Metabolic Reprogramming in PH: Mitochondrial Dysfunction and Superoxide Production {#s009}
=====================================================================================================

As anticipated above, PH-Fibs as well as cells from all layers of the hypertensive PA wall are characterized by incomplete glucose oxidation through glycolysis and altered mitochondrial bioenergetics, in a similar fashion to cancer cells ([@B68], [@B164]). Mitochondria play a central role in energetics and ROS production, calcium homeostasis, cell survival, and apoptosis ([Fig. 7](#f7){ref-type="fig"}). Accumulation of Krebs cycle intermediates provides critical substrates for anabolic reactions that are critical to highly proliferating cells such as PH-Fibs ([@B164]). In the absence of complete pyruvate oxidation, mitochondria rely on alternative carbon sources, such as fatty acids or amino acids, especially glutamine. In cancer cells, energy demands in terms of ATP production are mostly satisfied through glycolysis, which is estimated to contribute to 50%--70% of total ATP production ([@B42], [@B123], [@B216]). The so-called glucose-fatty acid cycle was first described by Randle more than 50 years ago ([@B172]) and recently expanded through molecular biology and omics investigations ([@B83]). Such mechanisms, first elucidated in cancer, have come in handy to test and confirm the upregulation of the expression of genes involved in fatty acid oxidation in lung tissue from PH patients ([@B235]). The relevance of such mechanisms in PH is clear when considering that mice lacking malonyl-coA decarboxylase (MDC) do not develop PH on chronic exposure to hypoxia ([@B200]). Notably, MDC can be inactivated through SIRT4-mediated deacetylation ([@B103]). Increased CtBP1 activity represses SIRT4 in PH-Fibs, allowing MDC to be active and drive fatty acid oxidation in mitochondria ([@B108]). This further strengthens the earlier considerations regarding the CtBP1/SIRT4 axis representing a candidate druggable target in PH. Alternatively, it has been noted that fatty acid uptake through CD36, but not oxidation, underlies intracellular fatty acid accumulation that fuels the biosynthesis of di- and tri-glycerides, key constituents of cellular membranes ([@B202]).

![**An overview of mitochondrial metabolism and its role in redox and energy homeostasis in PH.** GDH, glutamate dehydrogenase; GSH, glutathione; PHD, prolyl hydroxylase domain; OAA, oxaloacetate; NOS, nitric oxide synthase; NOX, NADPH oxidase.](fig-7){#f7}

Recent findings suggest that PH-Fibs develop an addiction for glutamine, which, in turn, fuels polyamine synthesis to drive fibrosis ([@B10], [@B11], [@B72], [@B194]). Glutamine is the most abundant circulating amino acid as well as the main amine group donor in biochemical reactions, as it represents a key substrate for the synthesis of glutamate *via* glutaminolysis. Glutamate can, in turn, either be used as a substrate for the synthesis of glutathione or further processed to α-ketoglutarate (in part by transamination reactions that mitigate the excess of pyruvate through the synthesis of alanine); α-ketoglutarate can enter the Krebs cycle, serve an anaplerotic role for the synthesis of nonessential amino acids, or be used as a substrate for hydroxylase (see [Fig. 7](#f7){ref-type="fig"}). Glutamine-derived ketolgutarate can also contribute to *de novo* lipogenesis by fueling reductive carboxylation reactions toward citrate ([@B126]). In cancer, it has been proposed that reductive glutamine metabolism is a function of ketoglutarate/citrate ratios, consistent with the law of mass action ([@B59]). Of note, even though tracing experiments with heavy labeled substrates will be necessary and are currently ongoing in our labs, our observations in PH-Fibs indicate increases in glutamine, ketoglutarate, and ketoglutarate/citrate ratios ([@B107]).

Under hypoxic conditions, α-ketoglutarate can give rise to the L enantiomer of 2-hydroxyglutarate ([@B86], [@B147]), a reaction that in cancer is catalyzed by IDH mutations (generating the D enantiomer), or a switch in the expression pattern of IDH isoforms in favor of NADPH-generating IDH1 ([@B41]). More recently, it has been noted that lactate dehydrogenase can catalyze ketoglutarate to L-2-hydroxyglutarate ([@B87], [@B138]). Of note, 2-hydroxyglutarate has been described as an oncometabolite and was found to elicit significant epigenetic changes that can contribute to cancer phenotype ([@B190]). TCA cycle intermediates, such as succinate, α-ketoglutarate, or fumarate, can regulate histone and DNA methylation ([@B181]). Therefore, carboxylic acids can contribute to the epigenetic regulation of DNA expression. Supraphysiological levels of succinate and fumarate can also replace α-ketoglutarate as a mock substrate for prolyl-hydroxylase, thereby preventing HIF1 hydroxylation and promoting its stabilization, thus enhancing the Warburg effect ([@B97], [@B187]).

In the previous sections, we described how the levels of reducing equivalents NADH/FADH~2~ in PH-Fibs were influenced by altered mitochondrial bioenergetics owing to uncoupling of the respiratory chain complexes I and II. Indeed, PH-Fibs mitochondria are hyperpolarized ([@B164]). There are several potential explanations for this observation. For example, mitochondrial respiratory chain complexes in PH-Fibs (complex I, III, and IV) may be pumping protons across the mitochondrial membrane. Alternatively, uncoupling proteins might be involved in the regulation of mitochondrial membrane potential. Studies using mitochondrial uncoupling protein 2-deficient (UCP2^−/−^) mice showed that increased ROS production, not by regulation of membrane potential itself, was the main factor influencing vascular remodeling with development of PH ([@B155]). On the other hand, spontaneous PH development in UCP2^−/−^ mice could be, in part, explained by decreased mitochondrial calcium levels, which, in turn, would affect mitochondrial bioenergetics by targeting calcium-dependent enzymes ([@B49]). An alternative explanation involves the translocation of hexokinase II into mitochondria *via* a GCK3-β-dependent mechanism, an event that inhibits the VDAC to sustain mitochondrial hyperpolarization ([@B50]).

Electron flow through the respiratory chain with molecular oxygen as the final acceptor of electrons results in the generation of ROS, such as superoxide ([@B36]), that are mostly generated at the level of complex I and III ([@B16], [@B135]). Premature single-electron reduction of molecular oxygen mostly occurs when electron flow is either retarded (*i.e.,* ATP synthase is inhibited, cytochrome c or coenzyme Q cycling is retarded) or there is substrate pressure (high load of NADH, FADH~2~) on respiratory complexes. Alternatively, stoichiometric mismatches can affect the correct assembly of electron transfer chain super complexes, which, in turn, can result in delay of electron flow on sites of the complexes mediating production of superoxide. As pointed out in the previous section, antioxidant redox couples (*i.e.,* GSH/GSSG) are closely linked to the metabolic redox couples (NADH, FADH~2~), which also serve as the substrate of the respiratory chain ([@B4]). Superoxide can be formed within complex I in two distinct sites ([@B207]) (i) at the level of the flavin in the NADH-oxidizing site, producing superoxide in the mitochondrial matrix; or (ii) at the ubiquinone-reducing site, which pumps superoxide into mitochondrial intermembrane space. Production of superoxide into the mitochondrial intermembrane space by complex III is believed to arise from the quinol oxidizing site. complex III-driven superoxide may serve as a second messenger in cellular signaling; whereas complex I-generated superoxide is predominantly deleterious as it can react in high concentrations with mitochondrial DNA or other matrix components that are vulnerable to oxidative damage ([@B12]). Other sources of mitochondrial superoxide have been identified in other cell types such as complex II ([@B169]), glycerol phosphate dehydrogenase ([@B152]), PDH ([@B196]), or α-ketoglutarate dehydrogenase ([@B208]). The main sources of superoxide production during PH development remain to be elucidated.

Mutations of complex I and III may represent alternative sources of mitochondrial superoxide. Indeed, mutations in 9 out of 13 assembly factors of complex I are pathological in that they impair complex biogenesis ([@B182]). Murine embryonic fibroblasts are characterized by a direct downregulation of subunits of complex I (NDUFA4L2) ([@B206]), which may underlie increases in superoxide production. In PH-Fibs from chronically hypoxic calves, altered activity of complex I was explained by the downregulation of the assembly subunit NDUFS4, promoting complex I instability, an increased disconnection of electron influx of the NADH dehydrogenase module from the complex I holo-complex, mitochondrial hyperpolarization, and increased superoxide production ([@B164]). Consistently, NDUFS4 deficiency caused aberrant mitochondrial morphology and elevated ROS production in primary fibroblasts of NDUFS4 knockout mice, a model of Leigh syndrome ([@B214]). NDUFV1 gene knockdown partially inhibits complex I activity, partially reduces NAD^+^/NADH ratios, without drastically inhibiting oxidative phosphorylation, resulting in a significant enhancement of cell proliferation and metastasis ([@B183]). On the other hand, enhanced complex I activity can increase tumor cell autophagy and inhibit proliferation *in vivo*. In analogy to cancer investigations, complex I dysfunction seems to be involved in the switch of energy metabolism to glycolysis in SMC in PH, supporting the idea that maintaining complex I activity may be a potential therapeutic target for the treatment of PH ([@B170]).

Controversial evidence exists with respect to mitochondrial superoxide production in response to hypoxia in PA SMCs ([@B5], [@B174], [@B222]). In our study, we have confirmed accumulation of mitochondrial superoxide in PH-Fibs from chronically hypoxic calves grown and studied under normoxic conditions ([@B164]). Mitochondrial superoxide production from complex III plays a crucial role in the stabilization of HIF1α through the inhibition of HIF-prolyl-hydroxylases ([@B24]). Selective expression of the ROS scavenger PRX 5 in the mitochondrial intermembrane space of PH-Fibs suppressed ROS production and the acute activation of cytosolic calcium, which regulates vasoconstriction, the initial step in PH development ([@B179]).

Sirtuin 3 (SIRT3) protein, the predominant NAD^+^-dependent mitochondrial deacetylase, can regulate mitochondrial ROS production. Increased NADH/NAD^+^ ratios in PH-Fibs ([@B108]) together with increased glycolysis repress SIRT3 activity in human and rat PH cells. On the other hand, human iPAH has been associated with a loss-of-function SIRT3 polymorphism ([@B160]). In PH, SIRT3 targets, such as IDH2, SDH A, Lon protease, or NDUFA9 subunit of complex I, remain acetylated and inactivated ([@B95]). Inactive SIRT3 would thus result in the lack of deacetylation of its targets, resulting, for example, in the accumulation of succinate by less active SDH A or in the negative regulation of electron transport chain subunit assembly. In addition, since SIRT3 can regulate PDHA1, one of the components of PDH complex ([@B153]), decreased activity of SIRT3 in PH cells might underpin PDHA1 acetylation, a phenomenon that decreases PDHA1 activity and induces its phosphorylation, thereby preventing pyruvate metabolism into acetyl-CoA. Knockdown of SIRT3 in mice promotes the spontaneous development of PH ([@B160]). Notably, SMCs from PAs derived from SIRT3 knockout mice are characterized by enhanced stabilization of HIF1 and STAT3 phosphorylation, increased phosphorylation of PDH, and, thus, suppressed glucose oxidation in favor of glycolysis ([@B160]).

Finally, mitochondrial morphology is another critical factor influencing the efficiency of mitochondrial ATP synthesis. For example, in diabetes and selected neurological diseases ([@B154]), low respiratory mitochondrial bioenergetics can be also explained by a condensed state of cristae structure *in situ* (*i.e.,* cristae expansion, matrix condensation) and mitochondrial fission. On the other hand, a higher respiratory capacity is observed in the presence of an orthodox cristae state *in situ* (*i.e.,* matrix expansion, thin cristae) and fused mitochondrial morphology. For example, downregulated mitochondrial bioenergetics are observed in glycolytic hepatocellular cancer cells (HepG2), where mitochondria are characterized by a condensed cristae structure under chronic hypoxia (72 h) ([@B164]). Fusion and fission are metabolically controlled through GTPases (Opa1, Mfn1 and 2, Drp1) that can, in some cases, sense mitochondrial membrane potential (Opa1) or oxidative stress ([@B226]). Consistently, mitochondria from human PH SMCs or Fibs are fragmented and characterized by downregulated levels of pro-fusion proteins (Mfn2, Opa1) and upregulated levels of pro-fission proteins (Drp1, Fis1) ([@B164], [@B178]). Moreover, Cyclin B CDK1-dependent phosphorylation and activation of Drp1 was observed in PH mitochondria, whereas Mfn2 was deregulated by the transcriptional coactivator PGC1 or platelet-derived growth factor and endothelin-1 ([@B178]). Although further studies are mandatory, results to date seem to recapitulate observations in cancer ([@B1], [@B14], [@B225]) and point at a role of mitochondrial fission in promoting altered bioenergetics, increased proliferation, and resistance to apoptosis in PH-Fibs, an observation that may highlight potential therapeutic targets in the near future. Novel therapeutic avenues may involve the regulation of the mitochondrial chaperone family, as the MCJ/DnaJC15 DNAJ component MCJ has been shown to act as an endogenous mitochondrial repressor of the respiratory chain ([@B79]) by decreasing electron transfer efficiency at the level of supercomplex I of the electron transport chain ([@B23]). Silencing of MCJ expression, in turn, increases electron transport efficiency without increases in oxygen consumption rate, regulating CD8^+^ T-reg cell and macrophage proliferation and pro-inflammatory phenotype ([@B23], [@B139]).

Summary {#s010}
=======

In this review, we propose a role for metabolic reprogramming of resident and recruited cells within the microenvironment of the artery wall as a hallmark in PH (*i.e.,* ECs, SMCs, fibroblasts, cells of the immune system). By reviewing the existing literature and comparing it with the vast body of knowledge on the so-called hallmarks of cancer, we identified the metabolic factors influencing pulmonary vascular remodeling in PH and suggested its synergistic role at the crossroads with other hallmarks, such as proliferation, resistance to apoptosis, inflammation, and fibrosis. By detailing molecular cascades involving the interconnectedness of transcriptional signaling, enzyme expression and activity, and metabolic phenotypes, we enlisted a series of promising therapeutic interventions that have been proposed to date ([Fig. 8](#f8){ref-type="fig"}). For the foreseeable future, the identification of novel and more effective therapeutic strategies will be favored by an improved understanding of the metabolic basis of PH and the role that metabolic control plays in mediating PH development and progression, at the interface with the other hallmarks of PH.

![**A summary of metabolic pathways and potential therapeutic interventions in PH, as reviewed in this article.** CHC, α-cyano-4-hydroxycinnamic acid; DCA, dichloroacetate; PDK, pyruvate dehydrogenase kinase.](fig-8){#f8}
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